Background
Introduction
Atherosclerosis is a chronic inflammatory disease characterized by endothelial dysfunction, local inflammation, leukocyte transmigration, and binding of monocytes to the arterial vessel wall [1] . Aortic valve stenosis is independently associated with cardiovascular risk factors and clinically apparent cardiovascular disease, thus some authors claim that the degeneration of the aortic valve could represent an atherosclerosis-like process involving both the aortic valve as well as the vascular system [2, 3] . Apoptosis, inflammatory activation and cellular stress occurring during atherosclerosis development induce the formation of microparticles (MPs) [4, 5] . MPs are shed membrane particles of less than a micrometer in diameter thought to be budded into the circulation from endothelial cells and various blood cells, including platelets, leukocytes and erythrocytes. MPs have been established as biomarkers that predict adverse cardiovascular outcome [6] [7] [8] . In patients with atherosclerotic diseases such as coronary artery disease (CAD) as well as in patients with severe aortic valve stenosis level of circulating MPs are increased within the vascular compartment as compared to healthy subjects [4, 9, 10] .
A few studies demonstrated an association between level of MPs and the severity of atherosclerotic processes in diabetic patients and in postmenopausal woman [11, 12] . It is not known, whether the level of circulating MPs are associated with the severity of aortic valve calcification and with the severity of coronary atherosclerosis in patients with advanced calcification.
Furthermore, it is poorly understood whether MPs are only a result of atherosclerotic modifications affecting the vascular compartment or also play a role in the pathogenesis of atherosclerosis progression. MPs possess procoagulant activity that relies mainly on the expression of phosphatidylserine and tissue factor promoting the generation of plasma thrombin [13, 14] . Thrombin is not only the central protease of the coagulation cascade but also acts as a strong proinflammatory mediator with effects on endothelial cells, vascular smooth muscle cells, monocytes, and platelets, all of which are involved in the pathophysiology of atherosclerosis progression and vascular calcification [15, 16] . Enhanced plasma thrombin generation predicts the presence and severity of coronary artery calcification (CAC) [17] . In patients with severe aortic valve stenosis plasma thrombin generation is increased potentially due to the hemostatic effect of turbulent flow through the stenosis [18] . Taken together, the association between level of MPs, MP-induced thrombin generation, and the severity of coronary and valvular calcification is not known.
The aim of this study was to investigate in patients with severe aortic valve stenosis and advanced calcification whether level of MPs and MP-induced thrombin generation are related to coronary atherosclerosis as assessed by CAC score and related to aortic valve calcification as assessed by aortic valve calcification (AVC) score.
Materials and Methods

Study design
We analyzed patients CT data and MPs in frozen plasma samples that were stored during our previously published clinical study showing in patients with severe aortic valve stenosis that endothelial function improved and level of circulating MPs decreased following transcatheter aortic valve implantation (TAVI) [10] . In this cross-sectional study a total of 61 patients with symptomatic severe aortic valve stenosis were included who were referred for TAVI. 6 patients were excluded from data analysis as no CT was performed and CAC Score could not be assessed. In 55 patients, we analyzed CAC Score, AVC Score, endothelial function, plasma levels of circulating MPs and MP-induced thrombin generation pre TAVI and assessed transvalvular pressure gradients, peak velocity and valve area by transthoracic echocardiography and cardiac catheterization, respectively.
General exclusion criteria were recent or active inflammation (clinical apparent infection, elevated CRP), stage 5 chronic kidney disease, active malignancies within the last year. This study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects and patients were approved by the University of Düs-seldorf Committee on Human Research (Clinicaltrials.gov: NCT01993485). Written informed consent was witnessed and formally recorded.
Coronary artery and aortic valve calcification
Cardiac-MDCT imaging was used according to the standardized recommendations for computer tomography (CT) image acquisition before TAVI procedure in our center. CT data were obtained using a 128 slice single source CT-scanner ("SOMATOM Definition AS+", Siemens Healthcare, Forchheim, Germany) for state-of-the-art cardiac imaging with high temporal resolution of 150 ms and a collimation of 128×0.6 mm. A non-enhanced scan was performed for coronary and valvular calcium scoring with a tube voltage of 100-120 kV, a pitch of 0.2 and a gantry rotation time of 0.3 s. Axial images were reconstructed with a slice thickness of 3.0 mm. All coronary segments and the aortic valves were analysed separately regarding calcified lesions with the use of software (Syngo Calcium Scoring 
Endothelial function
Endothelial function was assessed by measuring FMD of the brachial artery using ultrasound (Vivid I, GE, Munich, Germany). Baseline data for diameter and mean blood flow velocity of the brachial artery were quantified after 20 min of supine rest following the identical protocol. The image and flow analyses were performed offline from recorded loops with an automated system (Brachial Analyzer 5, Medical Imaging Applications, Coralville, USA). All diameter readings were taken at diastole, and flow velocity represents the mean angle-corrected Doppler flow velocity. Vasodilation results are presented as percent change: (Diameter postischemia -Diameter baseline /Diameter baseline ) x 100. Assessment of endothelium independent vasodilatation with nitroglycerine was not performed due to safety concerns regarding the risk for severe hypotension in patients with critical aortic valve stenosis.
Circulating MPs as marker for endothelial integrity MP subpopulations were discriminated by flow cytometry according to the expression of established surface antigens as described previously [19] . All biological samples were stored and processed in an identical way. Briefly, citrated blood (6 ml) was drawn from the cubital vein. Platelet-free plasma (PFP) was obtained immediately by successive centrifugations of the supernatants at 300g and 10,000g for 5 min at RT. PFP obtained by this sequential centrifugation contains MPs but no platelets, as shown by flow cytometry and fluorescence-based laserscanning microscopy. PFP were stored directly at -80°C. FACS analysis was performed upon 3 months following the identical protocol. PFP were incubated for 30 min with fluorochrome-labeled antibodies or matching isotype controls and analyzed in a Canto II flow cytometer (Beckton Dickinson, Heidelberg, Germany) (S1 Fig). MPs were distinguished from smaller exosomes (0.04-0.1 μm), which originate from the endoplasmic membranes, and from larger phospholipid vesicles, the apoptotic bodies (>1.0 μm), which contain nuclear material. The microbead standard of 1.0 μm (Polyscience Inc., Eppelheim, Germany) was used as upper limit. The threshold of 0.2 μm was set due to technical inability of the flow cytometer to detect particles <0.2 μm [20] . Thus MPs ranging from 0.1-0.2 μm were not accounted for. EMP subpopulations were defined as CD144 + , CD62E + or CD31 + /CD41 -. Platelet-derived MPs (PMPs)
were defined as CD41 + -MPs. The total number of MPs was quantified with flow count calibrator beads (Beckman Coulter; 20 μl). Unless specified otherwise, chemicals were purchased from Sigma Aldrich (Deisenhofen, Germany).
Thrombin generating capacity of plasma-thrombin/ antithrombin III complex (TATc)
TATc level as a marker for thrombin generation in plasma were measured in platelet rich plasma using commercial microenzyme immunoassay kit (Enzygnost TAT Micro, Dade Behring, Marburg, Germany).
Thrombin generating capacity of MPs
MP procoagulative activity was assessed using a two-step amidolytic assay (Zymuphen MP-Activity kit, Hyphen BioMed, Neuville-sur-Oise, France). The diluted PFP, supplemented with calcium, Factor Xa and thrombin inhibitors, was introduced into one of the microplate wells coated with Streptavidine and biotinylated Annexin V. After incubation FV, FX and prothrombin were introduced to form the prothrombinase complex FXa-FVa. When presented in the tested sample, MPs bound to Annexin V and exposed their phospholipids surface allowing the prothrombinase complex, in presence of calcium, to cleave prothrombin into thrombin. The kinetic of the reaction and thrombin generation was assessed by measuring its specific activity on the thrombin substrate at different time points (0-10 min) as indicated compared to the reaction with calibrator samples. The reaction was stopped with 2% Citric Acid and absorbance was measured at 405 nm. As control, we used MP-depleted plasma (supernatant obtained by ultracentrifugation of the PFP at 30,000g for 90 min at 4°C) not able to trigger thrombin generation significantly in this assay.
Statistics
Continuous data are presented as mean ± standard deviation of the mean (SD), categorical data as absolute numbers. Patient characteristics were compared using unpaired t test (continuous data) and 2-tailed Fisher's exact test (categorical data). The D'Agostino & Pearson omnibus normality test was used to confirm normal distribution of hemodynamic parameters, FMD values, TAT Complex and Calcification Scores and non-normal distribution of MP levels. Patients with CAC Score below the median (Agatston Score 974) were compared with patients with CAC Score above the median using unpaired t test (FMD, thrombin generation) or Mann Whitney U Test (non-normally distributed data).
Correlation of hemodynamic parameters was assessed by Pearson coefficient, correlation of MPs was assessed by Spearman coefficient. P-values <0.05 were considered as statistically significant. Multivariate regression model was used to determine the influence of multiple parameters on CAC. Variables for the linear regression model were chosen based on simple correlation analysis and those variables known or thought to be associated with CAC. Only variables with p<0.05 in univariate analysis were included in multivariate analysis. All statistical tests were conducted using SPSS 21.0 (IBM, Armonk, NY, USA) and Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Results
Baseline characteristics
In patients with severe aortic valve stenosis mean CAC Score was 1797±2064 and mean AVC Score 4566±4729. Patients with CAC Score below the median of 974 were classified as patients with low CAC (437±290, n = 28), patients with CAC Score above the median as high CAC (3208±2170, n = 27) ( Table 1 ). The patients were separated based on the median as patients with high CAC presented with a higher burden of coronary artery disease: number of coronary vessels affected by coronary stenosis, calculated Syntax Score (17±19 vs. 4±9, p = 0.005) and EuroScore (24±12 vs. 19±8, p = 0.024) were higher in patients with high CAC (Table 1) compared to patients with low CAC. The groups did not differ between medications and laboratory parameters (Tables 1 and 2 (Table 3) .
TATc levels, MP-induced thrombin generation and the severity of CAC
In patients with high CAC compared to patients with low CAC higher TATc levels as a marker of thrombin generation capacity in plasma were measured (7.2±3.8 μg/l. vs 5.2±3.0 μg/l, p = 0.033) (Fig 2A) . Plasma TATc levels correlated positively with CAC Score (r = 0.269, p = 0.047) (Fig 2C) . MP-induced thrombin generation was higher in patients with high CAC (57±31 nM after 10 min reaction time) compared to patients with low CAC (24±18 nM after 10 min reaction time, p<0.001) (Fig 2B) . MP-induced thrombin generation correlated positively with CAC Score (r = 0.587, p = 0.001) (Fig 2D, Table 3 ). In a multivariate regression analysis, CD41 (Table 6 ).
CAC, MPs and aortic valvular calcification
AVC Score did not differ between patients with high and low CAC (4417±3994 vs. 4353±3755, p = 0.9518) (Fig 3) . AVC Score did neither correlate with CAC Score (r = -0.06, p = 0.646) (Fig  3, Table 3 ) nor with TATc levels, MP levels or MP-induced thrombin generation (Table 3) . 
Discussion
We here show that in patients with severe aortic valve stenosis MP-induced thrombin generation was independently associated with the severity of CAC but not AVC. The severity of vascular calcification and the clinical burden of coronary artery disease were not associated with severity of valve calcification. 
Coronary atherosclerosis and level of circulating MP
Atherosclerotic lesions frequently calcify as the diseases progresses. The extent of calcification is thought to reflect the total coronary atherosclerotic burden, and can be easily quantified and expressed as coronary artery calcification (CAC) score [21, 22] . CAC is a surrogate measure of advanced coronary atherosclerosis and risk of cardiovascular events [21, 22] . In fact, in our study patients with high CAC presented with higher number of coronary vessels affected and more complex lesions assessed by angiography. However, whereas in acute coronary syndrome early and intermediate stages of calcification may enhance plaque vulnerability, extensive calcification might protect the vessel from rupture by stabilizing the plaque [21, 22] . Thus, CAC might be indicative of a vulnerable patient rather than a vulnerable plaque.
It was previously shown that levels of circulating MPs are elevated in patients with presence of atherosclerotic CAD as compared to healthy subjects [4, 6, 7, 23] . Regarding the association between MPs and the severity of atherosclerotic processes, Bernard et al. measured increased levels of CD144 + EMPs in type 2 diabetic patients with coronary non-calcified plaques compared to patients with absence of non-calcified plaques [11] . A correlation between the severity of CAC and CD62E + EMP was shown in postmenopausal woman [12] . We demonstrate for the first time that in patients with advanced atherosclerotic disease and aortic valve stenosis levels of PMPs as well as CD62E + EMPs are independently associated with the severity of CAC.
As a limitation, the role of leucocytes-derived MPs as well as erythrocyte-derived MPs has still to been investigated, both subpopulation of MPs which originate from activated monocytes and atherosclerotic plaques respectively red blood cells and which potentially contribute to thrombin generation [24] , atherosclerotic inflammation and plaque progression [25] . Coronary atherosclerosis, plasma thrombin generation and MP-induced thrombin generation
Thrombin is generated in plasma by cleavage of prothrombin into thrombin triggered by tissue factor (TF) or phosphatidylserine on platelets, endothelial cells, atherosclerotic macrophages and smooth muscle cells [26] . Generated at sites of vascular injury in the vicinity of a thrombus, thrombin promotes platelet activation, adhesion, and trafficking of inflammatory cells into sites of injury [15, 16] . Moreover, thrombin exerts pleiotropic effects on the endothelium controlling the proliferative/reparative responses to injury and promoting both proinflammatory and procoagulant endothelial phenotypes [15, 16] . In animal studies, alterations in clotting activity or direct thrombin inhibition attenuate the progression and thrombogenicity of atherosclerotic plaques [15, 27] . Here, we show that higher thrombin generation in human plasma (as assessed by TATc level) were associated with higher CAC scores. Our data are in line with recently published work of Borissoff et al demonstrating in patients with suspected CAD that plasma thrombin generation is independently associated with the CAC Score [17] .
In the plasma, a major source of phosphatidylserine and tissue factor are circulating MPs. The expression of these markers on the surface of MPs determines the procoagulant activity and MP-induced thrombin generation [13, 14] . In patients with moderate CAD Del Turco et al. have shown an association between MPs procoagulant activity and atherosclerotic plaque morphology but did not measure MP level in their study [28] . We here show that thrombin generation of circulating MPs is independently associated with severity of CAC. As thrombin plays a role in the pathophysiology of atherosclerosis progression [15, 16] our data indicate that MPs are not only a result of atherosclerotic modifications affecting the vascular compartment but also might contribute to the progression of coronary atherosclerosis. The progression of atherosclerosis leads to the release of new MPs into the circulation potentially creating a vicious cycle. We were not able to distinguish between the subpopulations of MPs by means of their contribution to thrombin generation as thrombin generation of total pool of plasma MPs was measured. Phosphatidylserine promotes the binding of the coagulation factors, assembly a prothrombinase complex to cleave prothrombin into thrombin. TF is a receptor for VII/VIIa. The TF:FVIIIa complex activates both FX and FIX to initiate blood coagulation [13] . Studies using in vitro generated MPs demonstrated that the mechanism to promote thrombin might differ between the various MP phenotypes. PMPs, EMPs and RBC-MPs have strong procoagulant properties due to exposure of phopshatidylserine. However, PMPs and erythrocytederived MPs can also initiate thrombin generation independently of TF in a FII-dependent manner [24] . As the majority of TF expressing MPs seems to derive from monocytes this might be the major mechanism of this MP phenotype to promote thrombin generation [13] .
Until now, data about the potential mechanism of thrombin generation of different MP subpopulation were obtained by generation of MP subpopulation by in vitro preperation and stimulation of separated blood cell populations or cell culture to generate MPs [13, 24] . These isolated MPs subpopulation are used to assess MP subpopulation induced thrombin generation. Molecular mechanisms of in vitro generated isolated MP subpopulation may be different from those triggered by MPs generated in vivo. Using the circulating pool of total MPs of patients as in our study may even be more accurate to quantify the thrombin generation of circulating MPs in vivo.
In our study, only PMPs predict MP-induced thrombin generation and severity of CAC suggesting that level of EMPs might be much more the result of atherosclerosis and the disturbed endothelial integrity [4, 29] . In fact, along with previous studies [30, 31] in our study level of EMPs correlate with endothelial dysfunction measured by FMD. Therefore, EMPs can be viewed as circulating markers of a compromised endothelial integrity [32] . Taken together, we suggest that the PMP-induced but not EMP-induced thrombin generation play a role in the progress of coronary atherosclerosis.
MPs, including EMPs may promote atherosclerosis progression also independently of thrombin generation at various stages [4, 33] . Circulating MPs can attenuate endothelium- dependent relaxation and impair the atheroprotective function of the vascular endothelium by inhibition of the nitric oxide pathway [34, 35] as shown ex vivo. In vitro and in vivo generated MPs promote inflammation within the vascular wall by promoting leucocyte adhesion and migration towards atherosclerotic lesions [4, 36] . MPs contain microRNA that are thought to be involved in controlling inflammation in atherosclerotic disease [8, 37] . In advanced lesions, plaque-derived MPs stimulate in vivo neovascularization, likely leading to proliferation and plaque vulnerability and contribute to the transition into unstable lesions [4, 38] . At the time of rupture, highly thrombogenic MPs are released locally further increasing local thrombus formation [4, 39] and might contribute to onset of acute coronary syndrome [40, 41] . Taken together, circulating MPs might be involved in the progression of atherosclerosis by MP-induced thrombin generation as well as thrombin-independent effects on vascular homeostasis.
Coronary atherosclerosis and aortic valve calcification
Aortic valve stenosis is independently associated with traditional cardiovascular risk factors and clinically apparent cardiovascular disease [2] , so that some authors claim that the degeneration of the aortic valve may represent an atherosclerosis-like process involving both the aortic valve as well as the vascular system [3] . However, in our study, we found no association between AVC score and CAC score, MPs level or MP-induced thrombin generation. In line with our results, other studies also showed that AVC Score was not associated with CAC Score [42, 43] . Recently, Henein et al. demonstrated that aortic root calcification and not valve calcification correlates with CAC [44] . In several prospective trials therapeutic approaches preventing the progression of vascular atherosclerosis (e.g. lipid-lowering therapy with statins) failed to prevent progression of valve sclerosis [45, 46] . Taken together, our study underscores distinct pathophysiological mechanisms of atherosclerosis and aortic valve stenosis. Our study has several limitations. This was an investigation at a single time point. Hence the association between circulating MPs and the induction and further progression of atherosclerosis remains unclear. MPs with a size between 0.1-0.2 μm were not accounted for in this way. Thus, the number of MPs determined by flow cytometry was an underestimation of the true count. Further studies are required to investigate the mechanistic link between MPinduced thrombin generation and atherosclerosis.
Conclusion
In patients with severe aortic valve stenosis MP-induced thrombin generation was independently associated with the severity of CAC but not AVC indicating different pathomechanism involved in coronary artery and aortic valve calcification.
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